Identifying factors that accelerate the aging process can provide important therapeutic targets for slowing down this process. Misregulation of phosphate homeostasis has been noted in various skeletal, cardiac, and renal diseases, but the exact role of phosphate toxicity in mammalian aging is not clearly defined. Phosphate is widely distributed in the body and is involved in cell signaling, energy metabolism, nucleic acid synthesis, and the maintenance of acidbase balance by urinary buffering. In this study, we used an in vivo genetic approach to determine the role of phosphate toxicity in mammalian aging. Klothoknockout mice (klotho ؊/؊ ) have a short life span and show numerous physical, biochemical, and morphological features consistent with premature aging, including kyphosis, uncoordinated movement, hypogonadism, infertility, severe skeletal muscle wasting, emphysema, and osteopenia, as well as generalized atrophy of the skin, intestine, thymus, and spleen. Molecular and biochemical analyses suggest that increased renal activity of sodium-phosphate cotransporters (NaPi2a) leads to severe hyperphosphatemia in klotho ؊/؊ mice. Genetically reducing serum phosphate levels in klotho ؊/؊ mice by generating a NaPi2a and klotho double-knockout (NaPi2a ؊/؊ /klotho ؊/؊ ) strain resulted in amelioration of premature aging-like features. The NaPi2a ؊/؊ / klotho ؊/؊ double-knockout mice regained reproductive ability, recovered their body weight, reduced their organ atrophy, and suppressed ectopic calcifications, with the resulting effect being prolonged survival. More important, when hyperphosphatemia was induced in NaPi2a ؊/؊ /klotho ؊/؊ mice by feeding with a highphosphate diet, premature aging-like features reappeared, clearly suggesting that phosphate toxicity is the main cause of premature aging in klotho ؊/؊ mice. The results of our dietary and genetic manipulation studies provide in vivo evidence for phosphate toxicity accelerating the aging process and suggest a novel role for phosphate in mammalian aging.-Ohnishi, M., Razzaque, M. S. Dietary and genetic evidence for phosphate toxicity accelerating mammalian aging. FASEB J. 24, 000 -000 (2010). www.fasebj.org
Aging is a complex biological process controlled and influenced by numerous genetic, humoral, and environmental factors (1) (2) (3) . For instance, DNA damage through oxidative stress, among others, is thought to be an important contributing factor in aging and has been extensively studied in mammalian systems (4 -11) . Recent in vivo studies, however, have identified additional factors that can significantly affect the overall deterioration of physiological functions for various organ systems and thus accelerate mammalian aging. Phosphorus is a widely distributed mineral ion in the body that is an essential component of cell signaling, energy metabolism, and nucleic acid synthesis (12) . In this study, we examined the effects of phosphate toxicity in mammalian aging. We used hyperphosphatemic klotho-knockout mice as an in vivo model to determine the effects of phosphate toxicity on mammalian aging.
Systemic regulation of phosphate homeostasis is a complex process, usually maintained by a delicate coordination between the intestine and the kidney (13) (14) (15) . After intestinal absorption, circulating phosphorus is taken up by cells that need it, accumulates in the bone matrix protein, and enters the kidney. About 95% of filtered phosphate is reabsorbed in the proximal tubules of the kidneys. Phosphate from the proximal tubular lumen moves across tubular epithelial cells and effluxes at the basolateral membrane to enter blood vessels. The identification of specific phosphate transporters in the intestine and kidney has enhanced our understanding of phosphate metabolism. Sodiumphosphate (NaPi) cotransporters that are located in the intestine and the kidney play an important role in maintaining physiological phosphate balance (16) . NaPi2b in the intestine aids in phosphate absorption, while the NaPi2a and NaPi2c transporters, in a sodiumdependent manner, assist in reabsorption of filtered phosphate in the kidney according to the needs of the body. The klotho-knockout mice develop severe hyperphosphatemia by 3 wk of age and remain hyperphos-phatemic throughout their life span due to increased renal activity of the NaPi system (17) (18) (19) .
Genetic inactivation of klotho in mice results in a phenotype resembling human aging, including kyphosis, muscle wasting, infertility, atherosclerosis, ectopic calcifications, generalized tissue atrophy, and an extremely shortened life span (20, 21) . To determine whether phosphate toxicity can accelerate the aginglike features in klotho-knockout mice, we genetically reduced serum phosphate levels in klotho-knockout mice by generating NaPi2a; klotho double-knockout (NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ ; DKO) mice. Our results suggest that phosphate toxicity accelerates the mammalian aging process and that reducing the phosphate burden can delay the aging.
MATERIALS AND METHODS

Generation of NaPi2a
؊/؊ /klotho ؊/؊ mice
We interbred heterozygous klotho mutants (Lexicon Genetics; Mutant Mouse Regional Resource Centers, University of California, Davis, CA, USA) with heterozygous NaPi2a mutants to obtain compound heterozygous animals, which were then interbred to generate the desired double-homozygous mutants (NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ ; refs. 22, 23) . Routine PCR was used to genotype the mice as detailed earlier (24) . All studies performed were approved by the Harvard Medical School Institutional Animal Care and Use Committee (Boston, MA, USA).
Animal feeding
Wild-type, klotho Ϫ/Ϫ , and klotho Ϫ/Ϫ /NaPi2a Ϫ/Ϫ double-mutant mice were housed in a barrier facility and maintained under specific pathogen-free conditions during the entire study period. After weaning, at 3 wk of age, mice were divided into 2 groups: wild-type, klotho Ϫ/Ϫ , and klotho Ϫ/Ϫ /NaPi2a Ϫ/Ϫ mice continued to receive a normal phosphate diet (NPD: 0.6%) ad libitum, while an experimental group of klotho Ϫ/Ϫ / NaPi2a Ϫ/Ϫ mice received a high-phosphate diet (HPD: 1.2%) from 3 wk onwards for the rest of their lives. Mice were provided with food purchased from LabDiet/TestDiet (St. Louis, MO, USA). The energy in the NPD (kcal/g) was provided by protein at 23.1%, with fat and carbohydrate contributing 21.6 and 55.1%, respectively. The energy distribution in the HPD (kcal/g) was very similar, with protein providing 23.2%, fat supplying 22.1%, and carbohydrate contributing 54.7%.
Gross phenotype and body weight
The total body weight of wild-type, klotho Ϫ/Ϫ , and NaPi2a Ϫ/Ϫ / klotho Ϫ/Ϫ mice fed with either NPD or HPD was measured every week, starting at 3 wk of age until 20 wk of age. The maximum survival of klotho Ϫ/Ϫ mice and NaPi2a
/klotho Ϫ/Ϫ mice fed with HPD was ϳ15 wk.
Measurement of serum phosphate and calcium
Blood was obtained by cheek pouch bleeding of wild-type, klotho Ϫ/Ϫ , and NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ mice fed with either NPD or HPD. Serum was isolated by centrifugation at 3000 g for 10 min and stored at Ϫ80°C. Serum phosphorus and calcium were determined by colorimetric measurements using the Stanbio Phosphorus Liqui-UV Test and Calcium (Arsenazo) LiquiColor Test, respectively (Stanbio Laboratory, Boerne, TX, USA).
Measurement of serum creatinine and 1,25-dehydroxyvitamin D
Serum creatinine levels were determined using the Stanbio creatinine kits (Stanbio Laboratory), as recommended by the manufacturer. The levels of 1,25-dehydroxyvitamin D were measured in serum obtained from wild-type, klotho Ϫ/Ϫ , and NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ mice fed with either NPD or HPD using a kit purchased from IDS (Fountain Hills, AZ, USA).
Histological analyses
Soft tissues obtained from wild-type, klotho Ϫ/Ϫ , and NaPi2a
Ϫ/Ϫ mice fed with either NPD or HPD at 9-12 wk were fixed with 4% paraformaldehyde and 10% buffered formalin or Carnoy's solution and were subsequently embedded in paraffin. Four-to 6-m paraffin sections of various tissues were mounted on SuperFrost Plus glass slides. Sections were then stained with hematoxylin and eosin and von Kossa. Histological samples were observed by light microscopy (25, 26) .
Calcification analyses
To determine the effects of hyperphosphatemia on ectopic calcification, sections were prepared from heart, lung, and kidney of wild-type, klotho
, and NaPi2a
Ϫ/Ϫ mice fed with either NPD or HPD and were stained with von Kossa to visualize mineralized tissues by light microscopy. The von Kossa staining procedure is detailed in an earlier publication (27) .
Immunohistochemical staining
Immunostaining was performed as described previously (26, 28) . Briefly, kidneys obtained from wild-type and klotho Ϫ/Ϫ mice were fixed in 10% formalin and embedded in paraffin. Paraffin sections were deparaffinized and incubated in blocking solution for 30 min and then incubated overnight with polyclonal anti-NaPi2a antibody (dilution 1:100) at 4°C. Slides were washed with PBS and incubated with secondary antibody (dilution, 1:100) for 30 min. After a PBS wash, coverslips were placed on slides using mounting medium. The expression of NaPi2a was visualized using a bright-field microscope. Rabbit serum in place of primary antibody was used as a negative control. Kidney sections prepared from NaPi2a Ϫ/Ϫ mice and incubated with NaPi2a antibody did not show any staining.
TUNEL staining
The extent of apoptosis in wild-type, klotho Ϫ/Ϫ , and NaPi2a Ϫ/Ϫ / klotho Ϫ/Ϫ mice fed with either NPD or HPD was determined by TUNEL assays using a commercial kit (Roche Diagnostics, Indianapolis, IN, USA) according to the manufacturer's instructions (29, 30) . Briefly, deparaffinized sections of various soft tissues, including lung, muscle, and kidney, were treated with Proteinase K for 15-30 min at 37°C. After the slides were rinsed with PBS, they were treated with the TUNEL reaction mixture for 60 min at 37°C in a humidified chamber. Slides were washed with PBS and incubated for another 30 min with peroxidase solution. TUNEL-positive cells were visualized following incubation of the sections in the diaminobenzidine substrate. As a negative control, the TUNEL reaction mixture was substituted by a control solution provided in the kit. The numbers of TUNEL-positive cells were randomly counted for at least 5 fields per millimeter squared area of different tissues.
Statistical analysis
Statistically significant differences between groups were evaluated either by the Student's t test or the Mann-Whitney U test for a comparison between 2 groups. All values are expressed as means Ϯ se. A value of P Ͻ 0.05 was considered to be statistically significant. All analyses were performed using Microsoft Excel (Microsoft, Redmond, WA, USA).
RESULTS
NaPi2a and phosphate toxicity in klotho ؊/؊ mice
Compared with wild-type mice, klotho Ϫ/Ϫ mice showed increased expression of NaP i 2a protein in the luminal side of the proximal tubules by immunohistochemistry (Supplemental Fig. 1 ). Increased expression of NaP i 2a was associated with markedly increased serum phosphate levels in klotho Ϫ/Ϫ mice. To determine the pathological consequences of phosphate toxicity for mammalian aging, we genetically reduced serum phosphate levels in klotho Ϫ/Ϫ mice by generating NaPi2a
Induction of phosphate toxicity in NaPi2a
To determine whether phosphate toxicity in klotho Ϫ/Ϫ mice accelerates aging-like phenotypes, we generated a new mouse model with reduced serum phosphate levels by interbreeding NaPi2a and klotho mutants. Consistent with our earlier observations, the NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ double mutants were viable and larger in size than the klotho Ϫ/Ϫ mice ( Fig. 1) . At birth, NaPi2a : 11.3Ϯ0.4 g at 9 wk). However, at 9 wk the average body weight of NaPi2a
Ϫ/Ϫ double mutants fed with HPD was 11.7 Ϯ 0.6 g (Fig. 1) .
Estimation of phosphate toxicity in
Serum phosphate and calcium levels were measured in 3-, 6-and 9-wk-old wild-type, klotho
mice fed with either NPD or HPD. The double mutants fed with NPD were hypophosphatemic by 6 wk of age (7.3Ϯ0.2 mg/dl) compared with wild-type mice (8.5Ϯ0.6 mg/dl) of similar age. The high serum phosphate levels in NaPi2a
Ϫ/Ϫ mice fed with HPD (11.8Ϯ0.6 mg/dl) were similar to those seen in agematched klotho Ϫ/Ϫ mice (12.1Ϯ0.6 mg/dl) at 6 wk of age but different from those of NaPi2a
Ϫ/Ϫ mice fed with NPD. Similar patterns of serum phosphate levels were also observed in 9-wk-old mice (Fig. 2) . Collectively, these findings suggest that inactivating NaPi2a function in klotho mice reverts hyperphosphatemia to hypophosphatemia.
We also measured serum calcium levels in the various genotypes. Compared with wild-type mice (7.6Ϯ0.4 mg/dl at 6 wk), klotho Ϫ/Ϫ mice showed elevated serum calcium levels (9.8Ϯ0.3 mg/dl at 6 wk) at all measured time points, and a similar pattern was also noted in NaPi2a
Ϫ/Ϫ mice fed either with NPD (10.9Ϯ0.4 mg/dl at 6 wk) or HPD (9.1Ϯ0.5 mg/dl at 6 wk; Fig. 2 ). Serum calcium levels in NPD-fed NaPi2a
mice, however, were slightly higher than in HPD-fed NaPi2a
Phosphate toxicity and premature aging-like phenotypes
In contrast to the normal phenotype of heterozygous klotho-mutant mice, homozygous klotho mutants displayed numerous features resembling premature aging from 3 wk onwards, including visible growth retardation, sluggish movement, infertility, and premature death between 7 and 15 wk. Hyperphosphatemic klotho Ϫ/Ϫ mice were easily recognized by their small size and marked kyphosis. The genital organs in both sexes of klotho Ϫ/Ϫ mice were severely atrophic as observed by macroscopic and microscopic examinations ( Supplemental Fig. 2) ; this severe hypogonadism in both sexes results in infertility, which is a major consequence of aging in both humans and experimental animals (6, 31) . The crossbreeding between homozygous klotho mice or between double-homozygous NaPi2a/klotho mice fed with HPD did not produce any offspring, despite an extended period of mating. Interestingly, when serum phosphate levels were reduced for klotho Ϫ/Ϫ mice, the NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ double-mutant mice fed with NPD recovered body weight, regained fertility, and most important, survived longer. Neither NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ mice fed with HPD nor klotho Ϫ/Ϫ mice survived past 15 wk, while all wild-type mice and NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ mice fed with NPD survived beyond 20 wk (Fig. 3) . The rescue of premature aging-like phenotypes of NaPi2a
Ϫ/Ϫ mice fed with NPD can be reversed by feeding NaPi2a
Ϫ/Ϫ double-mutant mice with HPD, clearly suggesting that phosphate toxicity is driving the premature aging-like features in klotho-mutant mice.
Effects of phosphate toxicity on lung, intestine, and skin
Hyperphosphatemic klotho Ϫ/Ϫ mice showed typical features of emphysema in the lungs (Fig. 4) , which appeared as early as 6 wk of age and are consistent with similar emphysematous changes documented in aged populations (32) . Reducing serum phosphate levels in klotho Ϫ/Ϫ mice suppressed emphysematous changes in the NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ double-mutant mice. However, feeding NaPi2a
Ϫ/Ϫ double mutants with HPD induced severe emphysema, clearly suggesting a role for phosphate toxicity in this lung pathology.
Reduction in villus height of the intestinal mucosa and reduced mucosal surface area are pathologies usually noted in aged populations (33) . Compared with wild-type mice, klotho Ϫ/Ϫ mice showed focal areas of intestinal mucosal atrophy with thin muscular layers ( Fig. 5) . Such intestinal lesions are reduced in hypophosphatemic NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ double-mutant mice (fed with NPD) and reappear in hyperphosphatemic NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ double mutants (fed with HPD), implicating a pathological role for phosphate toxicity in intestinal atrophy.
Hairs are sparser in the skin of the klotho Ϫ/Ϫ mice than in control littermates. A reduced number of hair follicles with markedly reduced dermal and epidermal thickness as well as barely detectable subcutaneous fat were consistently noted in hyperphosphatemic klotho Ϫ/Ϫ mice (Fig. 6) . When serum phosphate levels were reduced in klotho Ϫ/Ϫ mice, there were obvious improvements in skin structure in the NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ double mutants, with clearly apparent subcutaneous fat layers. The rescue of skin phenotypes for hypophosphatemic NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ mice (fed with NPD) was reversed in hyperphosphatemic NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ double-mutant mice (fed with HPD). The abnormal changes in lung (Fig.  4) , intestine (Fig. 5) , and skin (Fig. 6 ) for hyperphosphatemic klotho Ϫ/Ϫ mice were dramatically ameliorated and rescued by genetically lowering serum phosphate levels in hypophosphatemic NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ double mutants, suggesting a pathological role for phosphate toxicity in soft tissue injury ( Table 1 ). In addition, severe atrophy of the thymus and spleen (Supplemental Fig. 3 ) was noted in hyperphosphatemic klotho Ϫ/Ϫ mice when compared with controls. Again, such atrophy of the thymus and spleen was suppressed in hypophosphatemic NaPi2a
Ϫ/Ϫ mice (fed with NPD) and reappeared in hyperphosphatemic NaPi2a
double mutants (fed with HPD).
Phosphate toxicity and ectopic calcification
We examined calcification in the various murine genotypes by von Kossa staining. Consistent with our earlier observations, we detected extensive vascular and soft tissue calcification in the aorta, lung (Supplemental Fig. 4), kidney (Fig. 7) , and other organs in klotho 
Phosphate toxicity and apoptosis
To elucidate how phosphate toxicity induces generalized tissue anomalies, we used TUNEL staining to determine the numbers of apoptotic cells in various tissues obtained from wild-type, klotho Ϫ/Ϫ , and NaPi2a
Ϫ/Ϫ mice fed with either NPD or HPD. There is an increase in the number of apoptotic cells in kidneys from hyperphosphatemic klotho Ϫ/Ϫ mice (Fig. 8) . The number of apoptotic cells was significantly reduced in hypophosphatemic NaPi2a
mutants (fed with NPD) and markedly increased in hyperphosphatemic NaPi2a
Ϫ/Ϫ / klotho Ϫ/Ϫ double mutants (fed with HPD). Similar pattern of apoptosis is also noted in lung and skeletal muscle. Impairment of cellular homeostasis following an increased rate of apoptosis caused by phosphate toxicity may contribute to generalized tissue anomalies.
DISCUSSION
We present here a novel role for phosphate in accelerating the mammalian aging process and reducing survival. Our results show that genetically ablated klotho mice develop extensive premature aging-like features, which include but are not limited to loss of body weight, kyphosis, hypogonadism, infertility, generalized tissue atrophy, and reduced life span. These all bear similarity to phenotypes observed during human aging. Despite the fact that expression of the klotho gene is very restricted and is mainly found in the kidney, parathyroid gland, and pituitary gland (34, 35) , klotho-knockout mice show systemic premature aging-like phenotypes (20, 21, 36) . Generalized involvement of tissues and organs outside klotho-expressing tissues in knockout mice suggests that these premature aging-like features are likely to be non-cell autonomous. It is possible that dysregulation of the physiological balance caused by loss of klotho function induces systemic aging-like features. In fact, the extensive age-associated phenotypes in klotho-knockout mice can be suppressed by genetically reducing serum phosphate levels in NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ DKO mice, thus extending survival. More important, when serum phosphate levels are increased in NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ DKO mice by mice. These focal atrophic changes of the intestine are improved in DKOϩNPD mice and reappear in DKOϩHPD mice, suggesting that reducing serum phosphate levels in the klotho Ϫ/Ϫ mice can help to restore intestinal anomalies (intestine view ϫ20).
feeding with an HPD, the premature aging-like features reappear in the DKO mice similarly as in klotho single mutants. These results clearly suggest that phosphate toxicity is the main cause of premature aging-like features in klotho knockouts. Of relevance, compared with the wild-type controls, the serum 1,25-dehydroxyvitamin D levels were higher in klotho Ϫ/Ϫ mice and in NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ mice fed either with an HPD or NPD ( Supplemental Fig. 5) ; these results suggest that rescue of premature aging-like features in NaPi2a
Ϫ/Ϫ mice fed with a NPD and reappearance in NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ mice fed with an HPD are independent of vitamin D activities. Moreover, the rescue of premature aging-like features of klotho 
/klotho
Ϫ/Ϫ DKO mice) is due to reduced serum phosphate levels in double-mutant mice (37) . A similar pattern of rescue is also noted in fibroblast growth factor 23 (Fgf23)-knockout mice without vitamin D activity (in 1a-hydroxylase
Ϫ/Ϫ DKO mice), as we reported in our earlier publications (29, 36, 38) .
Klotho mutants show severe hyperphosphatemia leading to widespread tissue atrophy in spleen, skeletal muscle, intestine, and skin. Interestingly, reducing serum phosphate levels in klotho knockouts by genetic ablation of the NaPi2a gene rescues tissue atrophy in NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ DKO mice. However, feeding NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ DKO mice with an HPD results in severe tissue atrophy, suggesting that the generalized tissue atrophy in klotho mutants is partly caused by phosphate toxicity. The klotho-knockout mice have severe muscle wasting with reduced fat tissue. Lowering serum phosphate levels from klotho-knockout mice not only reduced muscle wasting but also helped gain fat tissues; whether such improvements in the muscle and the fat tissues result in better survival of NaPi2a Ϫ/Ϫ / klotho Ϫ/Ϫ DKO mice will need additional studies. Consistent with our earlier observations, hyperphosphatemic klotho-knockout mice show typical features of emphysema in the lungs, which mostly disappear in the NPD-fed NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ DKO mice (23) . However, emphysema in the lungs reappears in NaPi2a Ϫ/Ϫ / klotho Ϫ/Ϫ DKO mice fed with an HPD, implicating phosphate toxicity in lung damage. Of relevance to this observation, emphysematous changes have also been documented in aged populations (32) . The genital organs of both sexes of hyperphosphatemic klotho-knockout mice are severely atrophic as observed by macroscopic and microscopic examinations; this severe hypogonadism in both sexes results in infertility, which is a major consequence of aging in both humans and experimental animals (6, 31) . The klotho-knockout mice with reduced serum phosphate levels regained fertility, as evidenced in the NaPi2a Ϫ/Ϫ / klotho Ϫ/Ϫ DKO mice. More important, the NaPi2a Ϫ/Ϫ / klotho Ϫ/Ϫ DKO mice lost their fertility when fed with an HPD, clearly suggesting that phosphate toxicity can affect fertility and thereby influence the aging process.
The mechanism by which phosphate toxicity accelerates the aging process requires further study. It is likely that high phosphate exerts its cytotoxic effects to compromise the physiological functions of various organ systems. We found that high phosphate can induce an increased rate of apoptosis in various organs and that this apoptosis is suppressed by lowering serum phosphate levels in the NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ DKO mice. It is likely that continued cell deletion through apoptosis and due to phosphate toxicity leads to generalized tissue atrophy as well as reduced organ function and viability, thereby accelerating the aging-like Ϫ/Ϫ mice. Inactivation of NaPi2a in klotho Ϫ/Ϫ mice reduces this calcification in DKOϩNPD fed mice. However, ectopic calcification reappears in DKOϩHPD-fed mice, implicating phosphate toxicity in such ectopic biomineralization (von Kossa staining; ϫ20). The renal damage by calcification is also appearent from the serum creatinine levels of the mutant mice (bottom panel). Note that compared with the WT mice (nϭ4), serum creatinine level is significantly increased in the klotho Ϫ/Ϫ mice (nϭ4), and DKOϩHPD (nϭ4). No such significant elevation is noted in DKOϩNPD mice (nϭ4). *P Ͻ 0.05, **P Ͻ 0.01 vs. WT. process as noted in our mouse models. In a similar line of observation, extensive renal calcification with increased numbers of apoptotic cells in the kidneys of the hyperphosphatemic mutant mice is associated with increased serum levels of creatinine (Fig. 7) ; such impairment of renal function may contribute to the reduced survival of klotho-knockout mice and NaPi2a
Ϫ/Ϫ mice fed with an HPD (26, 39) .
CONCLUSIONS
The results of our in vivo genetic and dietary manipulation studies provide evidence for a novel role of phosphate in mammalian aging. Our results showing that genetically reducing serum phosphate levels in klothoknockout mice suppresses the aging-like phenotypes in NaPi2a
/klotho Ϫ/Ϫ DKO mice and that increasing serum phosphate levels in NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ DKO mice accelerates the aging-like phenotype to reduce longevity support a role for phosphate toxicity in regulating the aging process. One of the limitations of the generated NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ DKO mice is that loss of NaPi2a function can be gradually compensated by other phosphate transporters, including NaPi2c, which is particularly apparent in the aged DKO mice. Aged NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ DKO mice have relatively higher serum phosphate levels and that may influence survival of these mice, again suggesting a role of phosphate in aging and survival. Finally, NaPi2a Ϫ/Ϫ /klotho Ϫ/Ϫ DKO mice provide an important in vivo tool to study the effects of various dietary components on aging. Our understanding of intrinsic factors that accelerate aging may provide better insights into the mechanisms by which extrinsic factors influence mammalian senescence. 
